(ii) The fraction of activated Rac1 was increased in Nef-transduced cells, and (iii) the dominant positive Rac1(V12) mutant mimicked the effect of Nef. These results are to our knowledge the first analysis of the effect of Rac activation on the NADPH oxidase in intact phagocytes. Rac activation is not sufficient to stimulate the phagocyte NADPH oxidase; however, it markedly enhances the NADPH oxidase response to other stimuli.
While Nef is known to enhance virus production and infectivity, it has recently been recognized that Nef also exerts pathogenic effects independently of viral replication. Indeed, transgenic mice carrying the Nef gene under the control of the CD4 promoter (thus limiting expression to CD4ϩ T-cells and macrophages, the primary target cells of HIV) developed a disease state reminiscent of AIDS with severe CD4ϩ T-cell anergy and atrophy of lymphoid organs (1) . Nef is also important for the progression to AIDS in HIV-infected individuals (2) .
Nef is a cytoplasmic protein, which associates with membranes via myristoylation. Despite its small size, Nef presents a relatively large surface area for protein interaction (3) . Binding of Nef to a multitude of host proteins, including plasma membrane receptors, sorting receptors, and signaling proteins, has been documented (3, 4) . The majority of in vitro studies investigating the cellular effects of Nef expression in the target cells of HIV has been performed with CD4ϩ T-cells. Negative, neutral, and positive effects of Nef on T-cell signaling and activation have been noted (4) . Macrophages, which express both CD4 and CCR5 required for viral binding and entry (5, 6) , constitute an important target of HIV. Recently, it has been shown that one effect of Nef in tissue macrophages is the induction of secretion of the CC-chemokines, MIP-1␣ and MIP-1␤, which are chemotactic for CD4ϩ T-cells (7) . Other effects noted in macrophage primary cells or cell lines includes altered Ca 2ϩ -signaling (8) , induction of IL-10 production (9) , and induction of AP-1 transcription factor activity (10) .
Microglia are phagocytes of myeloid origin, located in the central nervous system. Together with macrophages they are the principal target of HIV infection in the central nervous system (5, 6, 11) . Microglia produce superoxide (12) and express all components of the superoxide generating phagocyte NADPH oxidase (this study). This enzyme consists of membrane-bound subunits, gp91 phox and p22 phox , which constitute the flavocytochrome b 558 complex, and cytosolic subunits p40 phox , p47 phox , and p67 phox . Translocation of the cytosolic phox proteins to the membrane is required for initiation of superoxide production (13, 14) . Whereas the role of p40 phox remains undefined, evidence points to a role of p47 phox as an adaptor between flavocytochrome b 558 and p67 phox (15) . During activation inhibitory intramolecular SH3 domain interactions in p47
phox are relieved via phosphorylation events (16) , and allows the protein to make direct contact with p22 phox , thereby bringing p67 phox to the membrane where it in turn makes direct contact with gp91 phox (17) . However, translocation of cytosolic phox proteins to the flavocytochrome b 558 is not sufficient to activate the oxidase. For electron transfer reactions to occur, the presence of the small cytosolic GTPase Rac (1 or 2) is absolutely required (18, 19) , and it has been proposed that Rac via direct interactions with p67 phox and gp91 phox regulates electron transfer reactions of the assembled oxidase (20) . Whereas human neutrophils predominantly express Rac2, NADPH oxidase activation in macrophages involves Rac1 (18, 19) .
We here demonstrate that Nef protein through activation of Rac1 leads to priming of the NADPH oxidase in microglia. Introduction of Nef or a constitutively active mutant of Rac1 into microglia did not lead to NADPH oxidase activation on their own but dramatically enhanced superoxide release following subsequent challenge with the Ca 2ϩ ionophore, formyl peptide or LPS.
EXPERIMENTAL PROCEDURES
Cells and Materials-The granulocyte macrophage colony-stimulating factor (GM-CSF)-dependent Ra2 microglia cell line generated by spontaneous immortalization of primary mouse microglia closely resemble primary rodent microglia with respect to morphology, many phagocyte functions, and expression of hematopoietic cell-specific molecules (21, 22) .
2 Ra2 cells were cultured in minimal essential medium with 10% fetal calf serum and 1 ng/ml GM-CSF and 5 g/ml insulin. Primary microglia were purified from 4 -5-day-old rats by established procedures (23) , except for the introduction of a percoll step-gradient centrifugation to remove most myelin and cell debris after enzymatic dissociation of the brain tissue. The purified cells were at least 98% microglia as determined by expression of cell type-specific markers (with or without prior interferon-␥ stimulation) such as ED-1, CD4, CD11b, and I-A. Ionomycin (free acid), N G -monomethyl-L-arginine (L-NMMA), and lovastatin were obtained from Calbiochem. PMA, fMLP, and luminol were purchased from Sigma and stock solutions prepared in Me 2 SO. Lipopolysaccharide was from Sigma (Escherichia coli serotype O55:B5) and dissolved in distilled water at a concentration of 1 mg/ml. C. difficile toxin B was from List Laboratories (Campbell, CA), and cytotoxic necrotizing factor 1 (CNF1) was a generous donation of Dr. Patrice Bouquet, INSERM, Nice Cedex, France.
Lentivirus Production and Transductions-Ra2 or primary microglia were infected with a HIV-1-based lentiviral vector as described (24) , containing the wild type or mutant R7 Nef (25) , or the human gp91 phox genes under the control of the elongation factor-1␣ promoter, or the Rac1(V12) constitutively active mutant under the control of the phosphoglycerate kinase promoter. Mutations of Nef were introduced as described (25) , and Nef inserts subsequently transferred via BamHI/ XhoI cloning to the pHR EF1␣ lentiviral vector (26) . Control transductions involved the use of empty vectors or vectors containing LAMP-1-GFP as an irrelevant protein as specified. Virus was concentrated 20-fold by centrifugal filtration in Vivaspin Sartorius filters and either used directly or after freezing and storage at Ϫ80°C. Virus was subsequently added to Ra2 target cells in 6-well or 60-mm culture dishes in doses ranging from 25 to 200 l. Estimated virus titers of the concentrated stock ranged from 2 ϫ 10 6 to 10 7 number of transducing units per ml (NTU/ml) of freshly prepared virus. Virus was left on the cells for 3-4 days with addition of fresh medium on day 2. Expression of Nef protein was always verified by Western blotting and immunofluorescent staining. Primary microglia were transduced directly in ELISA wells for a period of 36 -48 h with 10 -20 l of concentrated virus and either used for experimentation directly or after a further 24 h in virus-free medium. It was immediately evident that Nef conferred a growth disadvantage to transduced Ra2 cells, which proliferated at decreasing rates in a Nef dose-dependent manner. In the absence of positive selection the small percentage of non-transduced cells (ϳ5%) eventually outgrew the Nef-expressing cells. For this reason transduced cell populations were not used for more than 10 -14 passages at which time the expression level had decreased to ϳ75%. The results presented herein represents the use of 14 different Nef-transduced cell populations, which all behaved in a similar way.
Measurement of Superoxide Release-Superoxide production was measured by a luminol-enhanced chemiluminescence method (27) . Cells in 96-wells were preincubated at 37°C for 5-30 min in 100 l of HBSS containing luminol (62.5 M) and horseradish peroxidase (HRP) type II (1.25 g/ml). Agonists and inhibitors were added in a volume of 100 l (except cells were preincubated 5-30 min with L-NMMA in HBSS, or overnight with C. difficile toxin B or lovastatin in growth medium) and chemiluminescence measured continously at 37°C in a Wallac VICTOR plate reader. Alternatively, Ra2 cells were loaded with 2 M of the reactive oxygen species-sensitive fluorescent probe 5-(and-6)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate (CM-DCF, from Molecular Probes) and fluorescence monitored every 10 -15 s before and after addition of 1 M ionomycin in HBSS/Ca 2ϩ 2.3 mM using a Nikon Eclipse TE300 epifluorescence microscope equipped with standard FITC excitation and emission filters. 8-bit images were collected with a CCD camera, and changes in fluorescence intensity were analyzed with MetaFluor software (Visitron Systems).
Electrophoresis and Western Blotting-Cells were lysed on ice in 1% Triton X-100 in 50 mM NaCl, 10 mM MgCl 2 , 1 mM EGTA, 50 mM Tris-HCl pH 7.4 containing protease inhibitor mixture (Roche Diagnostics), and sonicated before Bradford protein quantitation (Bio-Rad). Samples of equal protein quantity were separated on 10 PAK-CRIB Pull-down Assay-Nucleotide status of Rac1 was determined by the PAK-CRIB pull-down assay, essentially as described (28) . Briefly, 24 or 35 ؋ 10 6 Ra2 cells transduced with Nef, Nef G2A , or empty vector were stimulated with 2 M fMLP in HBSS for 20 or 45 s at 37°C before rapid chilling and lysis on ice in 1% Nonidet P-40, 10% glycerol, 100 mM NaCl, 2 mM MgCl 2 , 50 mM Tris, pH 7.4 with protease inhibitor mixture and 1 mM phenylmethylsulfonyl fluoride. After clearing of the lysate, the supernatant was incubated for 3 h at 4°C with 20 g of GST-fused PAK-CRIB adsorbed to gluthathione beads (Cytoskeleton Inc.). Beads were washed four times in lysis buffer and resuspended in Laemmli buffer for electrophoresis and Western blotting with antibodies against Rac1 or Cdc42 as described above.
Saponin Permeabilization of Live Cells and ImmunofluorescenceImmunofluorescence was carried out according to standard techniques using rabbit polyclonal anti-Nef antibody (25) followed by goat antirabbit antibody conjugated with Alexa 546 (Molecular Probes). Filamentous actin was stained with phalloidin-FITC (Sigma). To visualize membrane-associated Rac1, live cells were treated with 0.005-0.01% saponin for 15 min in ice-cold HBSS containing 5% fetal calf serum to extract the cytosolic pool of Rac1. Monoclonal anti-Rac1 antibody (500 ng/ml) was added, and incubation continued for 30 min on ice with gentle agitation. After extensive washing in HBSS, cells were fixed in 2% formaldehyde and stained with secondary antibody using goat antimouse Alexa 488. Coverslips were examined in a Nikon eclipse TE300 microscope equipped for epifluorescence. The images in Figs. 1e and 6c were acquired with a Zeiss 510 confocal laser scanning microscope (C-apochromat ϫ63, 1.2 water immersion objective and focal plane of 7.5 m) using the argon (488 nm) and helium-neon (543 nm) lasers for excitation of Alexa 488 and 568, respectively.
RESULTS
As classical methods do not allow efficient transfection of microglia (data not shown), we made use of lentiviral transduction (24) . Transduction of the Ra2 microglia with a Nefexpressing vector led to efficient expression of the HIV Nef protein. By adding increasing doses of the concentrated viral vector, cell populations with graded levels of Nef expression were generated for initial characterization (Fig. 1a) . Immunofluorescence demonstrated that the great majority of microglial cells stained positively for the Nef antigen after transduction (93.3 Ϯ 2.5%, n ϭ 3). The distribution of wild type Nef was discrete and differed from the diffuse cytoplasmic staining of the Nef G2A mutant (see Fig. 1 , b-d) deficient in myristoylation (and thereby membrane attachment) and previously described to be inactive in virtually all functions of Nef (3). In general, Nef-transduced cells could be directly distinguished from nontransduced or control-transduced cells by an altered morphology as noted previously in fibroblastic cells (29) . The cells became more stellate, and developed numerous cell projections at sites of cell contact with the substratum. This change was reflected in an altered actin cytoskeleton as demonstrated by phalloidin staining to reveal filamentous actin (Fig. 1, e and f) . Whereas F-actin in Nef G2A and control cells was pronounced at sites of cell-cell contact, lamellipodia and membrane ruffles, the Nef-transduced cells displayed F-actin in numerous multiple branched cellular projections, and often long actin fibers could be observed traversing the cells.
Nef (30) . As determined by luminol-enhanced chemiluminescence (Fig. 2, a and  b) , ionomycin-induced [Ca 2ϩ ] c elevations did not elicit a significant superoxide release in control-transduced microglia. However, Nef-expression rendered cells susceptible to stimulation with ionomycin in a Nef dose-dependent manner (Fig. 2, a and  b) . Nef expression did not cause an increased superoxide release under basal unstimulated conditions (Fig. 2a, inset) . These observations were confirmed by using the reactive oxygen species-sensitive probe, CM-DCF, as outlined under "Experimental Procedures." Using this technique, ionomycin stimulation of Nef-expressing cells caused a 4.7 Ϯ 1.9-fold increase in fluorescence intensity relative to control-transduced cells (n ϭ 34).
The luminol-enhanced chemiluminescent signal was inhibited by 10 M diphenyle iodonium (DPI) an inhibitor of the phagocyte NADPH oxidase and other flavoproteins (inhibition 91.6% Ϯ 1.9, n ϭ 4), as well as by 200 units/ml superoxide dismutase (inhibition 96.7% Ϯ 1.7, n ϭ 3), indicating that superoxide was absolutely required to generate the signal. However, because luminol-enhanced chemiluminescence also detects peroxynitrite (31), the reaction product of superoxide and NO, we also measured the effect of preincubation with the competitive NO synthetase inhibitor L-NMMA. As seen in Fig.  2c , 1 mM L-NMMA decreased the response with ϳ30% indicating that NO contributed to the chemiluminescent signal via peroxynitrite formation. NO scavenging by superoxide resulting in peroxynitrite production has previously been described in microglia (32) . However, as superoxide under the conditions used was absolutely required for, and accounted for the majority of the signal, we will for simplicity in the following refer to the chemiluminescent signal as equivalent to superoxide reactivity, although a more complex chemistry lies behind this.
For comparison primary rat peritoneal macrophages stimulated under the same conditions (except 600 nM ionomycin was used to avoid toxicity) produced a chemiluminescent signal of similar magnitude as the Ra2-NEF75 microglia (691 Ϯ 53, n ϭ 3 versus 660 Ϯ 46 cps, respectively).
To be potentially relevant in the context of HIV pathology, the Nef-mediated priming of the microglial NADPH oxidase should also be observed with physiological agonists. Fig. 3 shows that Ra2 cells expressing Nef protein demonstrated an enhanced fMLP-induced superoxide release as compared with cells transduced with control vector or the Nef G2A mutant. To ascertain that the observed effect of Nef was not restricted to cell lines, we next examined superoxide production of Nef-transduced primary rat microglia after stimulation with lipopolysaccharide (LPS). Fig. 3, c and d shows that Nef-expressing primary microglia were much more sensitive to LPS than Nef G2A -transduced cells.
The Nef-mediated Effect Is Not Caused by Increased Levels of NADPH Oxidase Subunits-To investigate whether Nef caused the observed changes in superoxide production by increasing the steady-state levels of NADPH oxidase components, expression of oxidase subunits was analyzed by Western blotting after Nef transduction. One week after transduction, cells expressed comparable levels of the various phagocyte NADPH oxidase subunits as wild type Ra2 cells, and similarly expression of Rac1 was not altered (Fig. 4, a-e) .
To further investigate this point, we compared the effect of overexpression of the gp91 phox subunit (which is held to be rate-limiting for superoxide ouput) with the effect of Nef expression in Ra2 cells. gp91
phox -overexpressing cells clearly had a different phenotype; they failed to reproduce the Nef-mediated acquisition of sensitivity to ionomycin (see Fig. 4g ), but significantly increased superoxide production in response to stimulation with saturating PMA concentrations (100 ng/ml). Thus, Nef expression increases the sensitivity of respiratory burst activation to certain stimuli, whereas gp91 phox overexpression increases the maximal extent of the respiratory burst. phox . Western blotting of cell lysates shows the expression of human gp91 phox , which due to the presence of glycosylation sites not present in rodent gp91 phox migrates at a higher molecular weight (arrowhead). A control lysate of human HL60 cells is shown for comparison. g, Ra2 microglia transduced with Nef, gp91 phox or control vector (LAMP-GFP) was analyzed by the luminol method for superoxide production subsequent to ionomycin (1 M in HBSS/Ca 2ϩ 2.3 mM) or PMA (100 ng/ml) stimulation. Mean and S.E. is shown for three independent experiments. Superoxide release of the Nef-expressing cells was assigned an arbitrary value of one. above suggested that the effect of Nef on superoxide production is associated with altered intracellular signaling. To establish and further investigate this point we transduced Ra2 cells with wild type Nef or three different mutants of Nef. As mentioned, the G2A mutant deficient in myristoylation is functionally impaired in most aspects of Nef activity (3). In the PXXP mutant four proline residues (position 69, 72, 75, and 78) have been exchanged for alanine (25) in a motif involved in interaction with cellular SH3 domains, including that of the guanine nucleotide exchange factor Vav (29) . In the RR106AA and RR106LL mutants two critical arginine residues required for interaction with PAK (33) have been exchanged with alanine or leucine, respectively. None of these mutants were able to reproduce the wild type Nef-mediated enhancement of the ionomycin-elicited superoxide response (Fig. 5) . Similarly, these Nef mutants also did not enhance the respiratory burst of primary microglia (data not shown). These results raise the possibility that the Nef-mediated priming of the NADPH oxidase involves activation of Vav and PAK. This hypothesis is also attractive, as Vav could activate Rac1, which in turn is thought to interact with the phagocyte NADPH oxidase.
The Effect of Nef Depends on Amino Acid Motifs Critical for
The Nef-mediated Priming Requires a Rho Family GTPaseBecause Rac (1 or 2) is directly involved in the activation of the NADPH oxidase (18, 19) , we next examined whether Nef mediated activation of Rac1. Rac1 needs to be isoprenylated in order to be functional. In a first approach, we therefore investigated the effect of inhibition of isoprenylation on the Nef enhancement of the respiratory burst. For this purpose, Ra2 cells were preincubated with lovastatin, which inhibits an early step in the biosynthesis of isoprenoid chains (34), followed by stimulation with ionomycin. As shown in Fig. 6, a and b , lovastatin caused a dose-dependent decrease of the ionomycinstimulated superoxide production in Nef-transduced cells. Lovastatin did not cause a redistribution of Nef which retained its punctuate distribution (Fig. 6c) , probably, at least in part, mediated by membrane attachment through the myristoyl chain since the Nef G2A mutant is diffusely distributed (compare Fig. 1, c and d) . Additionally we investigated superoxide release after preincubation of Ra2 cells with C. difficile toxin B, which specifically inactivates Rac, Rho, and Cdc42 GTPases by glycosylation of critical amino acids in the effector region (35) . An overnight incubation with low doses of toxin B blocked the ionomycin-induced superoxide release in Nef-expressing cells (Fig. 6d) . At a concentration of 250 pM, which was sufficient to cause rounding of most cells (but not cell death), toxin B reduced the signal to 14.3 Ϯ 6.2% of control values. This toxin B concentration is higher (10 -100-fold) than usually employed in the literature, and most likely correlates with the known higher resistance of myeloid cells for the toxin. At a concentration of 2.5 pM no morphological alterations were observed while the chemiluminescent signal was suppressed with ϳ50%.
Nef Interacts with Vav and Mediates Activation of Rac1 in Microglia-
In fibroblasts it has been demonstrated that Nef binds and activates the guanine nucleotide exchange factor Vav (29) . To investigate this possibility Vav immunoprecipitates were analyzed for Nef by Western blotting. Fig. 7a shows that Vav specifically co-immunoprecipitated Nef but not the Nef G2A antigen from Ra2 cell lysates, suggesting an interaction between Vav and Nef in the microglia cells.
Vav mediates nucleotide exchange on select Rho family GTPases (36) . To explore whether Nef mediated activation of Rac1 we utilized the so-called PAK-CRIB pull-down assay. In this assay, GTP-loaded Rac1 is specifically bound and precipitated by the Cdc42/Rac-interactive binding (CRIB) domain of PAK expressed as a GST fusion protein (28) . Fig. 7b shows that while there was no major difference between Nef G2A and control-transduced cells, the fraction of active Rac1 was increased significantly in Nef-expressing cells compared with the Nef G2A cells (in four independent experiments there was a a 2.4 Ϯ 0.5-fold increase by densitometric scanning). It is believed that Vav carries out guanine nucleotide exchange on Rac1 but not Cdc42 (36) , and therefore we also examined the effect of Nef expression on the activation status of Cdc42. As shown (Fig. 7b ) Cdc42-GTP was undetectable regardless of Nef expression, indicating that Nef specifically activated Rac1. As positive controls for Cdc42 activation, Ra2 cells were stimulated with either IgG-opsonized zymosan (37), or cytotoxic necrotizing factor 1 (CNF1), which activates Rho family GTPases by deamidation of catalytic amino acid residues (38) .
Activation of Rac1 regulates membrane translocation of the protein (39) . To confirm an increased pool of active Rac1 in Nef-expressing cells by an independent technique we made use of a morphological translocation assay to assess Nef-mediated Rac1 recruitment to membranes. For this purpose, live cells were permeabilized with low concentrations of saponin to wash away the cytosolic pool of Rac1. After extraction, membranelocalized Rac1 was then visualized with anti-Rac1 monoclonal antibodies. As seen in Fig. 7c there was a marked increase in membrane-associated Rac1 in the Nef-expressing cells (mean integrated pixel intensity of 25 randomly selected fields showed a 5-fold increase).
Constitutively Active Rac1 Partially Mimics the Nef Effect-
If the priming effect of Nef on superoxide generation is predominantly mediated through Rac1 activation, expression of constitutively active Rac1 should reproduce the Nef effects. We therefore transduced Ra2 cells with the dominant positive Rac1(V12) mutant. Rac1(V12) did not stimulate superoxide production by itself; however, as shown in Fig. 8 , it rendered superoxide generation sensitive to stimulation with ionomycin. The slightly higher superoxide release of the Rac1(V12)-expressing cells in the absence of stimulation (Fig. 8a) was not consistently observed. Rac1(V12) did not however reproduce the major cytoskeletal rearrangement caused by Nef expression (data not shown).
DISCUSSION
In this study we demonstrate that upon expression of the HIV-1 Nef protein, microglia respond with an increased superoxide release to several stimuli, including ionomycin, formyl peptides, and endotoxin. Further, we show that Nef mediates activation of Rac1 and that expression of constitutively active Rac1 mimics the Nef enhancement of superoxide production.
Rac1 Activation by Nef-Nef directly interacts with the serine-threonine kinase PAK (33, 40) and the guanine nucleotide exchange factor Vav (29) . This interaction is thought to nucleate a complex consisting of PAK, Vav, and the small GTPase Rac1 (29) , thereby leading to activation of Rac1 and PAK. Our study provides strong arguments for Nef-induced Rac1 activation and its role in the Nef priming of NADPH oxidase activity. (i) The Vav-interacting Nef PXXP motif is required for the effect (through GDP/GTP exchange, Vav can directly activate Rac1). (ii) Inactivation of Rac1 by C. difficile toxin B, or inhibition of isoprenylation by lovastatin inhibits the Nef effect. (iii) There are increased fractions of GTP-loaded and membrane-associated Rac1 in Nef-transduced cells, and (iv) a constitutively active Rac1 mutant to a large extent mimics the Nef effect.
The nucleotide exchange activity of Vav toward various Rho family members (Rho, Rac, and Cdc42) is controversial; however, most in vitro and in vivo studies indicate that Vav (and Vav2 and 3) activate exclusively Rho and Rac GTPases and not Cdc42 (see Refs. 36 and 41) . Nevertheless, in fibroblast-like cells it has been demonstrated that both dominant negative Rac1(N17) and Cdc42(N17) were able to block cytoskeletal effects of Nef and suppress Nef-mediated downstream signaling including activation of PAK (29, 42) . However, in microglia we found no evidence of Nef-mediated Cdc42 activation, indicating that Rac1 was specifically activated by Nef in these cells. Although Nef expression did not cause phosphorylation of Vav in fibroblast-like cells (29) , Nef-mediated recruitment of Src family kinases Hck or Lyn in myeloid cells (43) might contribute to activation of Vav, which uniquely among guanine nucleotide exchange factors can be activated by tyrosine phosphorylation (44) .
However, is PAK activation also relevant? As shown in Fig.  6 , the Nef RR106AA and RR106LL mutants deficient in PAK interaction did not prime the NADPH oxidase. Phosphorylation of p47 phox is believed to be necessary for its membrane translocation and ensuing NADPH oxidase activation (45, 46) . Thus, in line with previous in vitro studies showing PAK-dependent phosphorylation of p47 phox and p67 phox (47, 48) , PAK might be involved in the Nef-dependent priming of the respiratory burst. Additionally it was recently shown that Nef binds and activates phosphatidylinositol 3-kinase (49) , which in concert with phosphorylation of cytosolic phox proteins could potentially contribute to the observed Nef effects, since both p40 phox and p47 phox through their PX domains are recruited to membranes by direct interaction with phosphatidylinositol 3-kinase lipid products (50 (54) . (iii) The addition of isoprenylated Rac to cell-free NADPH oxidase systems is sufficient to initiate a respiratory burst (55) . To our knowledge however, the effect of receptor-independent Rac activation on the NADPH oxidase in intact phagocytes has so far not been studied. Here we show that Nef-dependent Rac1 activation, as well as expression of constitutively active Rac1, primes the phagocyte NADPH oxidase to subsequent stimuli.
While most small GTPases depend on cycling between GDPand GTP-bound states for activity (e.g. Rap1A, another small GTPase associated with the NADPH oxidase, Refs. 56 and 57), there is evidence that Rac1 (with respect to NADPH oxidase activation) may function independently of nucleotide status under conditions that permit membrane association (17, 55, 58) . Previous studies have demonstrated that expression of dominant positive Rac1 mutants in non-phagocytic cells is sufficient to increase both basal and stimulated production of reactive oxygen species (59 -62) . While this study was under revision the group of Dinauer and co-workers (63) showed in a heterologous cell system (COS cells transfected with all phox proteins except p40 phox ), that expression of Rac1(V12) is adequate to induce a robust basal superoxide production in these cells. Interestingly, when Rac1(V12) was expressed with an additional mutation in the effector domain (Y40C) known to inhibit CRIB (and thereby PAK) interaction, the superoxide production was reduced, again implying a role for PAK in the activation of the NADPH oxidase. The fact that Rac1 activation in our study was not a sufficient stimulus to induce NADPH oxidase activity, but rather acted as a priming factor, most likely indicates that the superoxide-producing enzyme in phagocyte and non-phagocyte cells are not identical, and/or that activation of the NADPH oxidase in phagocytes is subject to a more stringent regulation via the cytosolic phox proteins.
In phagocytes Rac1 could potentially be involved in several aspects of NADPH oxidase activation pertaining to both assembly of the oxidase and regulation of enzyme activity. Thus, while Rac moves from cytosol to the membrane independently of the cytosolic phox proteins (64) , it may still assist in docking p67 phox at the cytochrome b 558 complex (55) and stabilizing intermolecular interactions between p67 phox and gp91 phox (17) . Additionally it has been proposed that Rac1 through interaction with p67 phox directly participates in the regulation of electron transfer reactions of the fully assembled NADPH oxidase (20) . While Rac and p47 phox do not engage in direct molecular interactions (65) , it was shown in the heterologous cell model of the Dinauer group (63) that expression of Rac1(V12) is sufficient to cause translocation of p47 phox to the plasma membrane. Whether such a Rac-induced redistribution of p47 phox , and to what extent it correlates with phosphorylation of p47 phox , is at work in phagocytes will require further experimentation. In any case, as LPS is known to induce membrane translocation of p47 phox (66) , the dramatic potentiation of the LPS-induced respiratory burst in Nef-transduced primary microglia is likely caused by the synergetic translocation of both Rac1 and p47 phox . From a mechanistic point of view, the synergy of Rac1 activation with [Ca 2ϩ ] c elevations demonstrated in this study is particularly interesting. Indeed, similar to Rac activation, [Ca 2ϩ ] c elevations are not able to induce a respiratory burst on its own but require a second signal (30) . Our data clearly demonstrate that Rac1 activation is such a second signal, capable of acting in concert with [Ca 2ϩ ] c . Microglia, similar to other macrophage-like cells, are productively infected by HIV. Thus, the Nef-dependent enhancement of NADPH oxidase activation may occur in vivo in HIV pa-tients. Such an overshooting generation of reactive oxygen species in response to bacterial metabolites (fMLP and/or LPS), could be particularly relevant for HIV-associated neurodegeneration. In this respect the contribution of peroxynitrite to the microglial release of reactive oxygen species, as demonstrated in this study, is interesting, since peroxynitrite is a potent neurotoxic agent (67) .
